[1] Hekla volcano (Iceland) erupted on 17 August 1980 and emplaced a sulfur dioxide (SO 2 ) cloud into the north polar stratosphere at a maximum altitude of $15 km. The SO 2 is tracked using satellite data from the ultraviolet (UV) Nimbus-7 Total Ozone Mapping Spectrometer (N7/TOMS) and the infrared (IR) High-resolution Infrared Radiation Sounder (HIRS/2) on the NOAA TIROS Operational Vertical Sounder (TOVS) platform. The eruption emitted $0.5-0.7 Tg of SO 2 , which later split into three distinct clouds, one of which circled the North Pole at the perimeter of an atypically persistent Arctic cyclone for six days, impacting airspace on three continents. Separate clouds drifted across eastern Russia, Alaska, and Canada. Maximum SO 2 columns derived from TOMS and HIRS/2 accurately define the volcanic cloud's path and fit trajectories produced by the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model, providing confidence in the model. When combined with the SO 2 measurements, trajectory altitudes derived from HYSPLIT provide robust estimates of the altitudes of the SO 2 clouds (8-15 km), which would be elusive using either the satellite data or the trajectory model in isolation. Near-coincident, spectrally discrete UV and IR retrievals are compared in the volcanic cloud and indicate good agreement between TOMS and HIRS/2 SO 2 columns for pixels with similar viewing geometry. Hekla eruptions, which follow a pattern of early explosive venting of volcanic gases with significant stratospheric injection, could play a role in promoting Arctic ozone loss, depending on the phase of the North Atlantic Oscillation during the eruption.
Introduction
[2] Sulfur dioxide (SO 2 ) is an excellent tracer of atmospheric motions, particularly when injected into the upper troposphere/lower stratosphere (UTLS) by explosive volcanic eruptions. Eruptions release SO 2 from a well-defined source, typically at a well-constrained time, into an atmosphere normally free of background SO 2 . It has a relatively long residence time (days to months) in the UTLS, permitting multiple consecutive observations, and can be easily measured using strong absorption features at ultraviolet (UV) or infrared (IR) wavelengths. In this paper we present a unique set of measurements following an explosive eruption of Hekla volcano (Iceland) in August 1980, which illuminates the dynamics of the summertime Arctic stratosphere.
[3] Monitoring of volcanic SO 2 emissions is a critical component of climate research since SO 2 is a precursor of sulfate aerosol, an agent of negative climate forcing (cooling) whose direct and indirect effects are a poorly constrained aspect of climate models [IPCC, 2001] . Volcanic degassing provides a significant and persistent flux of SO 2 to the atmosphere [e.g., Graf et al., 1997] , and large explosive eruptions can inject a substantial part of their total SO 2 output into the stratosphere with accordingly longer gas and aerosol residence times. Current knowledge of volcanic SO 2 emissions in the UTLS is based primarily on measurements made by the four polar-orbiting, UV Total Ozone Mapping Spectrometer (TOMS) instruments successfully deployed between 1978 and 2005 [Bluth et al., 1993; Krueger et al., 2000; Carn et al., 2003] and by the Ozone Monitoring Instrument (OMI) since 2004 Carn et al., 2007] .
[4] Techniques that exploit the strong absorption of IR radiation at $7.34 mm by SO 2 have recently emerged [Prata et al., 2003] , which are capable of providing a complementary SO 2 climatology. Several satellite sensors possess a channel covering the 7.3 mm region (e.g., the Moderate Resolution Imaging Spectroradiometer [MODIS] and the Atmospheric Infrared Sounder [AIRS]) Carn et al., 2005; Prata and Bernardo, 2007] , but the one offering the longest data span is the High-resolution Infrared Radiation Sounder (HIRS/2) in NOAA's TIROS Operational Vertical Sounder (TOVS) package [Smith et al., 1979] . HIRS/2 was first launched on the TIROS-N satellite in 1978 and has provided uninterrupted coverage from NOAA's polar-orbiting meteorological satellites since then. Since 1994 there have been 4 HIRS/2 instruments (or the more recent iterations, HIRS/3 and HIRS/4) in orbit simultaneously [Prata et al., 2003] .
[5] TOMS measured the albedo of the sunlit Earth's atmosphere at six wavelengths between 0.31 and 0.38 mm and permitted daily, low spatial resolution observations of volcanic clouds at most latitudes (Table 1 ). The TOMS SO 2 algorithm [Krueger et al., , 2000 ] employs a linear model of Rayleigh scattering and absorption by SO 2 and ozone that is solved simultaneously at four TOMS wavelengths. TOMS is most sensitive to SO 2 in the UTLS since most UV radiation is scattered or reflected back to space before reaching the Earth's lower atmosphere and surface. IR measurements use emitted radiation and hence complement the UV techniques by permitting both daytime and nocturnal retrievals of SO 2 in volcanic clouds, therefore increasing the frequency of observations during cloud dispersal and transport. The SO 2 absorption feature centered at $7.3 mm that is covered by HIRS/2 is located in a spectral region with significant absorption by water vapor, which limits HIRS/2 retrievals to SO 2 located above the peak in the water vapor weighting function, which is typically at $3 km [Prata et al., 2003] . TOMS and HIRS/2 are therefore somewhat similar in their increased sensitivity to SO 2 in the UTLS. Both sensors are also able to detect volcanic ash (see section 3).
[6] Validation is needed to ratify long-term records such as the TOMS volcanic SO 2 data base [Bluth et al., 1993; Carn et al., 2003 ], but opportunities were infrequent, and SO 2 validation in general is challenging. Noneruptive volcanic plumes that have been monitored regularly using ground-based or airborne instruments (e.g., correlation spectrometer [COSPEC]) were usually not sufficiently large or concentrated for detection by TOMS, and comparisons of TOMS and ground-based data have only been possible at two major SO 2 emitters; Popocatépetl (Mexico) [Schaefer et al., 1997] and Nyiragongo (D.R. Congo) [S. A. Carn, unpublished data] . Otherwise, validation of TOMS SO 2 retrievals relied on the serendipitous transit of a volcanic cloud over a Brewer spectrophotometer station or other ground-based instrument, which occurred only three times during the TOMS missions [Krueger et al., 2000] . Development of IR SO 2 retrieval techniques offers many new opportunities for satellite-based validation of UV SO 2 measurements, and the 1980 Hekla eruption studied here permits a comparison between UV Nimbus-7 (N7) TOMS and IR HIRS/2 retrievals of SO 2 in a relatively long-lived stratospheric volcanic cloud.
[7] The 1980 Hekla eruption is unique in the 30-year history of TOMS and OMI volcanic SO 2 measurements, being the only event known to have produced a cloud that circumnavigated the North Pole at high latitudes ( Figure 1 ). As such it is of value as a tracer of polar stratospheric dynamics, similar to the Cerro Hudson eruption of August 1991, which produced a long-lived stratospheric SO 2 cloud that encircled Antarctica [Barton et al., 1992; Schoeberl et al., 1993] . Orbits of polar-orbiting satellites converge toward the poles and the high latitudes (60 -80°N) reached by the 1980 Hekla emissions, combined with the timing of the eruption in the northern hemisphere summer (when the UV terminator is at high latitudes), allowed for an unprecedented frequency of observations by TOMS and HIRS/2. Since TOMS SO 2 measurements have been validated to some extent using ground-based data [Schaefer et al., 1997; Krueger et al., 2000] they provide a useful reference for other methods. Independent HIRS/2 retrievals permit further assessment of the UV measurements, whilst agreement between the two methods corroborates the IR data as a reliable alternative. Integrating the two data sets, thereby increasing the frequency of cloud observations, also elucidates the dispersal of volcanic clouds after eruption.
[8] Here we demonstrate that integrated satellite SO 2 measurements may be used to test air parcel trajectory models. Such models are used to predict volcanic cloud trajectories for aviation hazard mitigation. Encounters with volcanic ejecta can be a significant hazard to aircraft, even at great distances from the source volcano [e.g., Casadevall, 1994] . Although ash is the salient hazard to aviation, transit through ash-poor clouds can also result in costly damage to aircraft components [e.g., after the 2000 Hekla eruption; Grindle and Burcham, 2002; Rose et al., 2003 ] and gases such as SO 2 , and derived acid aerosol, usually have a longer lifetime than coemitted ash. Moreover, in many explosive eruptions observed using satellite data, ash-rich and SO 2 -rich portions of the discharged cloud have separated and followed different trajectories at distinct altitudes as a result of wind shear [e.g., Schneider et al., 1999; Constantine et al., 2000; Carn et al., 2002] . Long-range posteruption trajectory forecasts are hence expedient, and evaluation of trajectory models is needed, but as Tupper et al. [2004] have noted, the detection period for a drifting ash cloud is typically only 2 -12 hours posteruption using a single IR or VIS channel. In a dry atmosphere with no significant meteorological clouds Tupper et al. [2004] were able to track an ash cloud for $80 hours using geostationary IR split-window imagery, but such conditions are unusual. We show that long-lived SO 2 clouds in the UTLS are conducive to trajectory model evaluation, and use the 1980 Hekla case to demonstrate that combining multitemporal satellite observations of SO 2 with such models can refine cloud altitude estimates. [Thorarinsson and Sigvaldason, 1972; Grönvold et al., 1983; Gudmundsson et al., 1992; Hö skuldsson et al., 2007] , signaling an increased eruption rate after a major plinian event in 1947 [Thorarinsson, 1967] . At the time, the 1980 eruption was distinguished by the very short repose time preceding the event (10 years following the 1970 eruption), which was the shortest on record since Hekla's first historical eruption in 1104 , although subsequent eruptions have also been separated by only 9 -10 years. Each of the three Hekla eruptions since 1980 produced SO 2 clouds that were detected by a TOMS instrument [Carn et al., 2003; http://toms.umbc.edu] and also by HIRS/2 [Prata et al., 2003; Rose et al., 2003] .
The 1980 Hekla Eruption
Eruptions from Icelandic volcanoes potentially threaten the busy North Atlantic air corridor, but the 1980 and 1991 Hekla eruptions both produced long-lived SO 2 clouds that traveled a large distance from Iceland (reaching central Asia in the latter case) and hence impacted airspace far from the source region [e.g., Prata et al., 2003] .
[10] The 1980 eruption began abruptly at 13:27 LT (local time, equivalent to UTC in Iceland) on 17 August when a dark plinian column emerged from Hekla, which was rapidly overtaken by a steam column that reached a maximum reported height of 15 km by 14:00 LT [SEAN, 1980; Grönvold et al., 1983] . Tephra was carried northward and ash fall continued for up to 6 hours in distal locations (up to 200 km NNE of Hekla), consistent with radar measurements that showed a significant decline in cloud size between 18:00 and 19:00 LT . Effusion of lava flows from the eruptive fissure began only 3 minutes after initiation of the plinian phase, and continued until the end of significant eruptive activity on 20 August, although the lava production rate had declined notably by 18 August. The eruption produced a total of 120 million m 3 of lava and 60 million m 3 of tephra . A much smaller eruption of Hekla in April 1981 is considered a continuation of the August 1980 event . N7/TOMS also detected very weak SO 2 emissions associated with the April 1981 eruption but these are not considered in this paper.
[11] Photographs and observations of Hekla eruptions [e.g., Thorarinsson, 1967; Grönvold et al., 1983; Höskuldsson et al., 2007] and recent satellite-based investigations [e.g., Rose et al., 2003] indicate that the volcanic clouds produced by Hekla since 1947 have been characteristically gas rich and ash poor, perhaps due to early venting of accumulated gases combined with rapid fallout of tephra. In this respect the 1980 eruption was typical; very little airborne ash was detected by both TOMS and HIRS/2, although it is likely that the presence of fine ash, which was suggested by in situ aircraft measurements in the February 2000 eruption cloud [Pieri et al., 2002; Hunton et al., 2005] , was masked by the formation of ice in the plume at an early stage [e.g., Rose et al., 1995 Rose et al., , 2003 . Another salient and somewhat unusual attribute of Hekla's eruption clouds since 1970 has been an early abundance of fine sulfate aerosol and sulfuric acid [Cadle and Blifford, 1971; Rose et al., 2003] , which in 2000 was apparent as early as $3 hours after the eruption and at peak mass amounted to 2-5% of the SO 2 mass in the same cloud Tables 2, 3 , and 4 have been omitted. The color scale is cut off at 15 DU, which is the approximate SO 2 detection limit (3s noise level) for N7/TOMS. ]. The precise origin of this sulfate is not well understood.
Satellite and Model Data
[12] During the 1980 Hekla eruption N7/TOMS was operational and the HIRS/2 sensor was in orbit on the TIROS-N and NOAA-6 satellites (hereafter termed TN HIRS and N6 HIRS respectively). Specifications of these instruments are given in Table 1 . Figures 1 and 2 do not show the full set of SO 2 retrievals available from TOMS and HIRS/2; in both cases the complete data set may be obtained on request from the lead authors.
Nimbus-7 TOMS
[13] The Hekla SO 2 clouds were tracked using the version 7 TOMS production SO 2 algorithm, termed the sulfur dioxide index (SOI) [McPeters et al., 1996] , and an offline SO 2 retrieval described by Krueger et al. [1995 Krueger et al. [ , 2000 . The SOI is essentially a flag denoting inconsistencies in ozone retrievals using different TOMS wavelengths, and is useful for mapping the locations of SO 2 clouds, while the offline algorithm is used for quantitative SO 2 measurements. N7/TOMS could also simultaneously detect UV absorbing aerosol (e.g., volcanic ash, dust) and nonabsorbing aerosol (e.g., sulfate) using the spectral contrast between calculated and observed radiances at 340 and 380 nm, termed the Aerosol Index (AI) . The TOMS AI is positive for UV absorbing aerosols, negative for nonabsorbing particles and near zero for water/ice clouds (although large optical depths of ice [>3] can also produce a small negative AI signal) [e.g., Rose et al., 2003] .
[14] No information on the height of volcanic clouds can be directly retrieved from TOMS data, although the altitudinal range of a volcanic cloud can sometimes be inferred if opaque meteorological clouds of known altitude are present in the scene, and the SO 2 overlies these clouds. However, since the retrieved amount of SO 2 is altitude dependent (owing to the temperature dependence of the SO 2 absorption cross-section and variable radiative transfer), an altitude is assumed in the TOMS SO 2 retrieval algorithm. The default altitude for volcanic clouds in the UTLS is 20 km.
[15] Errors in TOMS SO 2 retrievals are highly specific to the particular measurement conditions, but in general they are lowest (±10%) for compact, aerosol-free clouds illuminated at low to moderate solar zenith angles (SZA) in the UTLS . The 1980 Hekla clouds were mostly situated above 60°N with correspondingly high SZAs; under these conditions retrieval errors are larger (±30%) . Moderate optical depths of volcanic ash and sulfate aerosol collocated with the SO 2 result in overestimates of 15-25%. Aerosol-induced biases are dependent on particle size and composition, which are rarely known for volcanic clouds in the UTLS, and this information is not available for the 1980 Hekla case. However, as discussed below the N7/TOMS AI data indicate that the emitted cloud was ash poor even in the first available TOMS overpass, so errors due to ash are assumed to be minimal. Sulfate aerosol also appeared much less abundant in the 1980 cloud than in the February 2000 emissions although the 2000 eruption was observed by Earth Probe (EP) TOMS using different AI wavelengths, which influences the AI signal. The reflectivity of the surface or clouds underlying the SO 2 also impacts UV retrievals, and SO 2 amounts measured in the 1980 Hekla cloud were probably affected during transit of the cloud over sea ice and the Greenland ice cap (see later discussion). Finally, calculation of SO 2 mass in volcanic clouds requires a correction for background biases, which is most easily accomplished for compact, concentrated clouds. The 1980 Hekla clouds were nonideal in this respect, being highly elongate in form throughout the period of atmospheric residence (Figure 1 ), and few individual orbits contained the entire cloud (Tables 2, 3 , and 4).
[16] Despite its modest size, the 1980 Hekla eruption cloud is highly conducive to multispectral studies using polar-orbiting satellites due to its occurrence at high latitudes in the northern hemisphere summer. For a period around the summer solstice for each pole, TOMS is able to measure backscattered sunlight from the regions on the descending (north to south) part of the orbit lit by the midnight sun. This configuration produced 4 -7 TOMS orbits per day containing the SO 2 cloud and increased the likelihood of coincidence between TOMS and HIRS/2. The ash-poor nature of the eruption minimized any interference due to volcanic ash (which affects UV retrievals) , even in the initial stages of cloud transport. The relatively long atmospheric residence time of the SO 2 allowed for retrievals under a variety of viewing and background conditions and the dry polar atmosphere also reduced the impact of water vapor on IR retrievals (see below).
NOAA HIRS/2
[17] SO 2 retrieval using HIRS/2 data utilizes the strong asymmetric stretch absorption of the gas at 7.34 mm, which is close to the central wavelength of HIRS/2 channel 11 [7.33 mm; Prata et al., 2003] . Prata et al. [2003] provide a detailed description of the retrieval technique, summarized here, which uses an accurate transmittance model to relate absorption in HIRS/2 channel 11 to SO 2 absorber amount. Using the model, a look-up table (LUT) relating observed transmittance to SO 2 column amount is computed for 26 atmospheric layers at varying temperature and pressure, and the HIRS/2 channel 11 filter functions for each satellite. To derive SO 2 layer transmittance from HIRS/2 temperature measurements, the algorithm assumes that an isothermal layer of SO 2 is embedded in an otherwise clear atmosphere, with the SO 2 located above the peak of the weighting function for H 2 O in the 7.3 mm channel. As for TOMS, SO 2 layer altitude cannot be retrieved directly from HIRS/2 data, so an independent estimate of the SO 2 cloud altitude is required to generate the appropriate absorber amount LUT (the dependence on pressure is stronger than that on temperature). In this case an altitude of 11 km was assumed for all HIRS/2 retrievals.
[18] The technique relies on an estimate of the background radiance (unperturbed by SO 2 ), which is obtained by interpolation of radiances in adjacent HIRS/2 channels. This can be inaccurate for mixed pixels containing clear sky and clouds [Prata et al., 2003] . Because the 7.3 mm channel is sensitive to water vapor, SO 2 lying below significant water vapor will be undetectable by HIRS/2, which limits the retrieval to SO 2 above 3 km altitude in clear conditions [Prata et al., 2003] . Water/ice clouds located above the SO 2 have a similar masking effect. Residual water vapor absorption can cause anomalies in the retrieval, particularly if large amounts of water vapor are located just below a thin SO 2 layer, or if unusual atmospheric conditions result in atypical vertical water vapor distributions. Tests are employed to remove obvious water vapor anomalies. Thermal contrast is also a limiting factor, and can inhibit retrievals for any situation in which the SO 2 cloud is at a similar temperature to the underlying surface, for example when optically thin SO 2 clouds overlie very cold surfaces such as ice-or snowcovered ground [Prata et al., 2003] . Prata et al. [2003] report lower detection limits of $5 DU for SO 2 clouds at 5 km altitude, and $20 DU for clouds at 35 km altitude, with typical errors of 5 -10%.
[19] For our study of the 1980 Hekla eruption, a total of 41 NOAA-6 orbits and 16 TIROS-N orbits were used for HIRS/2 SO 2 retrievals. Observations were impeded when the TOVS calibration sequence, when no Earth data are collected for the equivalent of 3 scan lines, intersected the SO 2 cloud.
HYSPLIT Model
[20] The HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT_4) model [Draxler and Rolph, 2003; Rolph, 2003 ] was used to calculate both forward and backward trajectories of discrete air parcels for comparison with satellite-derived volcanic cloud trajectories. CDC1 global reanalysis meteorological data were used for the HYSPLIT runs. The combined TOMS and HIRS/2 SO 2 observations were used to define the observed trajectory and dispersion of the volcanic clouds, and the cloud altitude in HYSPLIT model runs was iterated until the best fit between observed and model trajectories was obtained. No quantitative measure of the goodness of fit between the model and observations was used. Forward trajectories initialized at 1300 UT on August 17 (the closest HYSPLIT time step to the start of the eruption at 1327 UT) were used to constrain the cloud altitude, and then if observed and model endpoints did not coincide back trajectories were employed to check whether volcanic cloud positions were consistent with an origin from Hekla. Back trajectories were initialized at the time of the final satellite observation of the SO 2 cloud (in all cases derived from TOMS data). The height chosen in the model calculations was found to have a significant impact on the calculated trajectory (Figure 3 ).
Trajectory of the 1980 Hekla Volcanic Cloud

Satellite Observations
[21] N7/TOMS first detected the leading edge of the 1980 eruption cloud at 0541 UT on August 18, when it was just crossing 0°longitude. The 1048 UT overpass was the first TOMS orbit containing the entire volcanic cloud at optimum scan positions (Table 2) , and by that time the leading edge of the cloud had reached the Barents Sea at $30°E, with a narrow arc of SO 2 extending back across the Greenland Sea and connected to Hekla (Figure 1 ). At 1048 UT the highest SO 2 column amounts were measured by TOMS in a compact region southwest of Svalbard (Figures 1 and 2) , and the total SO 2 burden was $0.5 Tg. The next TOMS overpass at 1231 UT on August 18 was the last time SO 2 was observed attached to Hekla, indicating a minimum venting period of $23 hours. The next near-nadir TOMS overpass of Hekla occurred at 1106 UT on August 19 and no SO 2 emissions were apparent, although cloud cover could have obscured a low-level plume. The total SO 2 burden measured by TOMS never exceeded $0.5 Tg in a single orbit (Table 2) ; it is conceivable that the total burden was larger but the precise SO 2 mass became difficult to establish as thereafter the cloud straddled several consecutive orbits. Denotes orbits with partial coverage of the SO 2 cloud.
[22] HIRS/2 provided earlier observations than TOMS (Table 2; Figure 2 ), but those containing the entire SO 2 cloud were made prior to the end of the main emission phase (Table 2) , precluding a measurement of the total erupted SO 2 burden. Total SO 2 burdens derived from HIRS/2 were lower than those from TOMS (Table 2) , but this may be ascribed to differing sensitivity (see later discussion) and possibly to the smaller HIRS/2 swath width (Table 1) . Although lava effusion continued at Hekla until August 20, no further emissions from the volcano were detected by TOMS or HIRS/2 after August 18.
[23] Around the time of its passage over Novaya Zemlya on August 19, the cloud split with one parcel observed drifting across central Russia whilst the remaining SO 2 continued to encircle the Arctic Ocean (Figures 1 and 2) . The cloud that drifted across Russia was tracked by N7/ TOMS until August 23 at 0154 UT, when it was located near the Sea of Okhotsk to the north of Sakhalin Island (Figure 1 ). HIRS/2 was able to track this portion of the cloud until 1141 UT on August 21 (Table 3) . Comparison of HYSPLIT trajectories with the SO 2 data reveals that this cloud parcel reached the highest altitude attained by the 1980 eruption cloud ($13 -15 km; Figure 3 ; see later discussion).
[24] Further separation of the SO 2 occurred as the cloud drifted north of Alaska on August 20. Perhaps under the influence of a depression over the Chukchi Sea, a parcel of SO 2 was advected across far eastern Russia and the Bering Sea and then across Alaska, directly over Anchorage (Figure 1 ). Numerous trans-Pacific air routes traverse this busy corridor, although we are not aware of any reported aviation encounters with the SO 2 cloud, in contrast to the long-lived 1991 Cerro Hudson eruption cloud that circled the southern hemisphere and caused several aviation encounters over Australia [Barton et al., 1992] . The final N7/TOMS observation of the Hekla cloud that traversed Alaska occurred at 1738 UT on August 23 (>6 days after the eruption) over central Canada (Figure 1 ). HIRS/2 ceased detecting the cloud soon after the separation north of Alaska (Figure 2 ), but N7/TOMS tracked the residual SO 2 as it continued to circle the pole, drifting just north of Ellesmere Island and across north -east Greenland before the final TOMS observation at 1223 UT on August 23, when the elongate cloud straddled Iceland (Figure 1 ). Overall the SO 2 cloud was tracked for over 148 hours ($6.2 days) from the time of eruption.
[25] We are confident that other volcanic contributions to the observed SO 2 can be ruled out. The only other eruption detected by N7/TOMS in August 1980 was a small explosion from the lava dome at Mt St Helens on 7 August, which produced no measurable SO 2 . An eruption of Bezymianny (Kamchatka) was reported on 21 August 1980 [Simkin and Siebert, 1994 ] but neither TOMS not HIRS/2 detected any significant SO 2 emissions associated with this event.
Relationship to the Meteorological Environment
[26] We suggest that the overall pattern of SO 2 dispersal after the 1980 Hekla eruption, and the longevity of this modestly sized SO 2 cloud, can be at least partially ascribed to unusual synoptic activity in the Arctic Basin in August 1980. In contrast to the February 2000 winter eruption, which tracked across the Greenland Sea and Barents Sea under the influence of a strong low-pressure system before dispersing over eastern Russia Lacasse et al., 2004; Hö skuldsson et al., 2007] , a weakening or absence of the Icelandic Low in the summer of 1980 allowed the August 1980 SO 2 cloud to move further north and enter the Arctic Basin. Serreze and Barry [1988] report the migration of a cyclone into the Canada Basin on 16 August, and the persistence of this low until 11 September; deemed the most significant synoptic event of the 1979-1985 period. A strong upper air low persisted above the surface low for the lifetime of the disturbance, and pressure maps reproduced by Serreze and Barry [1988] indicate that the Hekla SO 2 cloud flowed around the cyclone until high pressure over Greenland altered its trajectory (Figure 1 ). We propose that the unusually stable Arctic weather pattern prevailing during transport of the Hekla volcanic cloud prolonged its lifetime by reducing any wind shear associated with migrating cyclones, analogous to the more stable polar vortex that forms over Antarctica in winter. The fragmentation of the SO 2 cloud over Novaya Zemlya and the Chukchi Sea may shed some light on the structure of the August 1980 cyclone at different pressure levels.
Trajectory Model Evaluation and Volcanic Cloud Altitude
[27] The location of the maximum SO 2 column retrieved by N7/TOMS and HIRS/2 in each orbit is used as a proxy for the cloud trajectory (Figure 3 ). Very little detectable ash was produced by the 1980 eruption, so the SO 2 data are a unique source of information on cloud movement and the high density of SO 2 retrievals achieved by combining the UV and IR measurements for this high latitude cloud allows a precise determination of its trajectory (Figure 3 ). Very good agreement is seen between selected HYSPLIT forward and backward trajectories and the path of the satellitederived SO 2 maxima (Figure 3) . The best fit trajectories correspond to altitudes of 13 km, 10 km and 8 km for the cloud segments that dispersed over eastern Russia, central Canada, and back over Iceland, respectively (Figure 3 ). Such altitudes are predominantly above the tropopause at the Arctic latitudes under consideration. It is clear from Figure 3 that the high density of SO 2 measurements improves the comparison between observed and model trajectories. For example, the HYSPLIT forward trajectory at 7 km altitude shown on Figure 3 provides a reasonably good match for the initial cloud trajectory and the final TOMS observation. However, consideration of the full set of satellite observations shows that the 13 km trajectory gives a much better fit for the cloud's entire path.
[28] We note that the 13 km maximum altitude derived here is lower than the 15 km altitude reported by observers of the eruption , but accurate groundbased estimates of eruption column height can be difficult. However, since the HYSPLIT forward trajectories for altitudes of 13 km and 15 km coincide for at least the first $24 hours posteruption, it is possible that the eruption cloud initially reached 15 km but later stabilized at 13 km. We also note that the timing of tephra fallout and the distribution of the tephra blanket over north Iceland was consistent with the transport of ash in a high velocity layer between 7 and 12 km altitude , in good agreement with our inferred altitude range.
[29] Deviations between the HYSPLIT trajectories and the SO 2 cloud positions occur toward the trajectory end points (Figure 3) , as no single forward trajectory altitude was found that provided a good fit with each cloud's entire path. This probably reflects changes in SO 2 cloud altitude during transport that were not captured by HYSPLIT. Since the trajectories for a range of altitudes are essentially identical for the initial stage of cloud transport, it is unclear if the SO 2 cloud was vertically extensive at the outset or if vertical segregation occurred later on under the influence of the meteorological environment. However, we consider it likely that the continuous emissions and tephra fall lasting several hours that were reported during the eruption ] produced a vertically extensive volcanic cloud, as the intensity of the eruption waxed and waned generating a plume with variable injection height.
Volcanic Cloud Composition
[30] The temporal evolution of SO 2 mass measured by TOMS in the volcanic clouds is shown in Figure 4 . An increase in SO 2 burden around 80 hours after the eruption (Figure 4a ) is apparent, and is also evident in HIRS/2 data (Table 4) , though we believe this to be a result of varying retrieval conditions rather than a genuine mass increase (see later discussion). Exponential fits to the curves in Figure 4 yield SO 2 loss rates of 10 À5 -10 À6 s
À1
, which are typical of the UTLS. Loss rates appear slightly higher in the cloud portions that detached from the main cloud and moved south, probably due to increased rates of photochemistry at lower SZAs. Extrapolation of loss rates back to the time of eruption implies a total eruption mass of $0.52-0.7 Tg SO 2 , and consideration of the SO 2 mass contained in the detached clouds suggests that the higher figure is more realistic. This is in reasonable agreement with the 1980 eruption SO 2 yield estimated from petrological data (0.36 ± 1.2 Tg) [Sharma et al., 2004] . For comparison, the 1991 Cerro Hudson eruption into the south polar stratosphere produced roughly three times more SO 2 than the 1980 Hekla eruption ($1.5 Tg), and was tracked for about three times longer [Schoeberl et al., 1993] .
[31] A sulfate aerosol signal (negative TOMS AI) is first apparent on 19 August at 0047 UT but it is generally much weaker than the AI signal for the February 2000 eruption cloud . The absence of a significant sulfate aerosol signal in 1980, compared to the 2000 eruption, could indicate a drier atmosphere in 1980 relative to 2000 (perhaps consistent with the absence of the Icelandic Low in 1980), and hence less entrainment of atmospheric water vapor [Glaze et al., 1997] . Other possibilities are an influx of water vapor from the snowpack that covered the volcano during the 2000 winter eruption, or, less likely, a higher magmatic H 2 O content in the magma erupted in 2000 (Höskuldsson et al. [2007] report a juvenile magmatic water content of 2.3 wt% for the 2000 eruption, and although we are unaware of any related data for the 1980 magma, this is a high value for a nonarc basalt [e.g., Wallace, 2005] . However, Sharma et al. [2004] report similar preeruptive sulfur contents ($900 ppm) in both magmas). A small negative AI (À1) can also indicate ice, which was probably more abundant in the February 2000 plume due to colder temperatures. Furthermore, the N7/TOMS AI is defined differently to the EP/TOMS AI; the former uses longer UV wavelengths and results in different AI signal strength for a given aerosol loading.
Comparison of TOMS and HIRS/2 Retrievals
Comparisons of SO 2 Burdens and Column Amounts
[32] Here we provide some initial comparisons between the TOMS and HIRS/2 SO 2 retrievals in the 1980 Hekla eruption cloud. A detailed comparison of the two data sets will be the subject of a separate paper, and will benefit from the trajectory analysis shown here as it will permit tuning of SO 2 retrievals (particularly from HIRS/2) for the most likely SO 2 vertical distribution. Prata et al. [2003] and Guo et al. [2004] report general agreement (5 -30% differences) between total SO 2 burdens derived from HIRS/2 and TOMS for major volcanic SO 2 emissions such as the 1991 Pinatubo eruption cloud, with HIRS/2 values higher than TOMS. For the 1980 Hekla eruption, SO 2 burdens derived from HIRS/2 were nearly always lower than those derived from TOMS at around the same time (Tables 2, 3 , and 4). We assume that this is partly a result of the narrower swath width of the HIRS/2 instrument (Table 1 ) and the frequent intersection of the TOVS calibration sequence (a data gap of 3 scan lines) with the SO 2 cloud. It is also likely that the sensitivity of the HIRS/2 SO 2 retrieval was often limited by thermal contrast (e.g., as the SO 2 cloud drifted over Arctic sea ice; Figure 5 ), the thickness of the SO 2 cloud (likely to be thinner at the cloud margins) and the occurrence of meteorological clouds, although elaboration of these effects is not possible without further information on contemporary meteorology and ground cover. Altitude effects on the IR retrievals are also significant; Prata et al. [2003] indicate an absorber amount error on the order of 5 -10% for a ±1 km error in SO 2 cloud height assignment. Here the maximum difference between the SO 2 layer altitude assumed in HIRS/2 retrievals (11 km) and the altitude estimated from trajectory modeling (8-15 km) is 3 -4 km, indicating potential errors of 15 -40%.
[33] Figures 1, 2 , and 3 show that the modeled trajectory and observed transport of SO 2 in the Hekla volcanic cloud are in good general agreement. At the level of individual satellite footprints, comparison between the TOMS and HIRS/2 retrievals is more complex, as the measured SO 2 column amounts are affected by the scan position of each observation, and partial coverage of the cloud by HIRS/2 was common (i.e., the most concentrated region of the cloud was rarely observed by both sensors near simultaneously). Typically, higher SO 2 columns will be measured in nearnadir FOVs for subpixel sized clouds due to averaging effects. If SO 2 fills the satellite FOV at all scan angles, then measured column amounts should be similar across the swath. For this reason we choose to compare TOMS and HIRS/2 retrievals where the highest SO 2 columns were measured (Tables 2, 3 , and 4), as we presume the SO 2 cloud covered the entire sensor FOV at these locations.
[34] The smallest time difference between TOMS and HIRS/2 overpasses ($1 minute) occurred on 19 August at 02:30 -02:31 UT when the SO 2 cloud straddled northern Novaya Zemlya (Figures 1 and 2 ). HIRS/2 only captured the eastern end of the cloud whilst TOMS provided almost complete coverage, and perhaps as a result the maximum TOMS SO 2 column (129 DU) exceeded that of HIRS/2 (75 DU), although the locations of the maxima are similar (Table 2 ). Scan position effects may be significant as the HIRS/2 measurement was at the edge of the scan (scan position 56) whereas the TOMS observation was near nadir (scan position 26). However, biases in the retrievals cannot be ruled out. Another closely spaced pair of observations occurred at 05:51 (HIRS/2) and 05:56 UT (TOMS) on 19 August, just north of the Russian mainland. Peak SO 2 columns measured by TOMS (136 DU) and HIRS/2 (114 DU) differ but are within the error bounds discussed previously, and the locations of the maxima are similar (Table 2) . Also, both sensors observed the cloud at similar, moderately off-nadir scan angles (Table 2) . We also note very good agreement (within error) between the location and magnitude of TOMS and HIRS/2 maximum SO 2 columns on 18 August at 07:23 UT (TOMS; 107 DU, off nadir) and 07:57 UT (HIRS/2; 119 DU, off nadir), when the cloud was SW of Svalbard and relatively compact (Table 2) , despite the larger time difference (34 minutes). Our preliminary conclusion is that the two retrievals are in good agreement when observing the same cloud mass in a similar geometrical configuration under optimum environmental conditions (which differ for TOMS and HIRS/2), but that such situations are rare, even in a seemingly favorable case such as this.
[35] For the volcanic cloud that circled the North Pole, most of the favorable comparisons between TOMS and HIRS/2 occur relatively early in its lifetime. Later in the evolution of the cloud, maximum SO 2 columns retrieved using TOMS are typically higher than (by up to 100%) the closest available HIRS/2 columns (Table 2; e.g., note the sequence of measurements between 18:25 and 20:08 UT on 20 August). It is interesting to note that this is contrary to the observations of Guo et al. [2004] for the 1991 Pinatubo SO 2 cloud. They remarked that the difference between HIRS/2 and TOMS maximum SO 2 columns increased with time, with the HIRS/2 columns up to 40 -50% higher than corresponding TOMS columns, 370 hours after the eruption [Guo et al., 2004] . This was attributed to sulfate aerosol formation in the aging cloud, resulting in a positive bias in the HIRS/2 retrievals due to sulfate absorption in the 7.3 mm IR region, whilst the UV TOMS retrievals were unaffected [Guo et al., 2004] .
[36] Although the 1980 Hekla volcanic cloud was much shorter lived than the Pinatubo cloud, the high abundance of sulfate reported in Hekla emissions [Cadle and Blifford, 1971; Rose et al., 2003; Hunton et al., 2005] suggests that similar effects might be expected here. However, our results, while not conclusive, indicate the opposite. In the Hekla case we contend that sulfate aerosol (if present) may promote a positive bias in the TOMS retrievals due to UV scattering, which would increase photon path lengths through the SO 2 cloud, and which would be exacerbated at the high SZAs encountered during the entire lifetime of the cloud . The precise effect of sulfate aerosol on UV and IR retrievals is dependent on aerosol composition and particle size, and may therefore vary with eruptive and environmental conditions. We also admit that altitude effects on the HIRS/2 retrievals may also contribute to the observed biases, given that an underestimate of the SO 2 cloud altitude will result in an underestimate of the SO 2 column [Prata et al., 2003] . However, if cloud altitude were the major factor this would imply a more significant TOMS overestimate in the SO 2 cloud at higher altitude (the portion that drifted over Russia), which is not supported by our data (Table 3 ). Figure 4 . Temporal evolution of SO 2 burdens and cloud area for the 1980 Hekla volcanic cloud, derived from N7/TOMS data. Two cloud area estimates are shown in each plot using different background SO 2 offsets to isolate the volcanic signal : the lower curve is derived using a constant SO 2 background of 15 DU; the upper curve uses the mean SO 2 amount observed in background regions in each TOMS scene. 
Observation and Interpretation of an Increase in SO 2 Cloud Mass
[37] An enigmatic feature of the Hekla volcanic cloud is an apparent increase ($30%) in SO 2 burden around 80 hours after the eruption at $20:00 UT on 20 August (Figure 4a ), when the cloud was located in the region of the Chukchi Sea north of Alaska and far-eastern Russia, and its leading edge was approaching Ellesmere Island (Figures 1 and 2) . Although HIRS/2 SO 2 burdens are lower due to incomplete coverage of the cloud (and perhaps also due to generally lower retrieved SO 2 columns as discussed above), they show a similar pattern, and SO 2 column amounts also show an increase at the same time (Figure 2 ; Table 4 ). Previous TOMS volcanic cloud studies have shown SO 2 mass increases on the second day following eruptions, which has commonly been attributed to eruptive emissions of H 2 S which oxidize to SO 2 after emission Constantine et al., 2000; Rose et al., 2000] . Guo et al. [2004] implicated the release of SO 2 from a sublimating icegas mixture to explain an observed SO 2 mass increase in the 1991 Pinatubo volcanic cloud 55-70 hours after the eruption. Given the timescale of the mass increase we observe for the Hekla cloud, the latter explanation seems plausible. However, below we posit another explanation involving a change in the measurement conditions at the time of the observed mass increase.
[38] In our view a more likely reason for the SO 2 enhancement is the passage of the cloud over a region of sea ice as it moved north of Alaska. The presence of sea ice in the northern Chukchi Sea and East Siberian Sea at this time is supported by NOAA maps of minimum sea ice extent for 20 August 1980 ( Figure 5 ). Although the sea ice map ( Figure 5 ) indicates that the SO 2 cloud also passed over ice-covered regions earlier on, it appears that the TOMS observation on 20 August at 20:08 UT occurred when sea ice underlay a significant fraction ($70%) of the SO 2 cloud. Where underlying sea ice enhances surface reflectivity the TOMS algorithm could overestimate SO 2 columns by 50% in a cloud located at 10 km altitude , which would account for the observations. Indeed, the subsequent passage of the cloud over sea ice in the Canadian Arctic and over the Greenland ice cap is probably the main reason for its prolonged detection by TOMS. The cause of the mass increase measured by HIRS/2 on 20 August is less clear. Inspection of the HIRS/2 retrievals shows that the SO 2 enhancement occurs over the southern Chukchi Sea and Bering Strait, south of the sea ice limit in Figure 5 and in a different location to the enhancement measured by TOMS. Surface reflectivity has no influence in the IR, but a drying of the atmosphere or a decrease in thermal contrast would affect the IR retrievals (resulting in detection of more and less SO 2 , respectively), as would inadequate knowledge of plume altitude (detection of more SO 2 would imply an overestimate of the cloud altitude). Thus in the case of HIRS/2 it appears that the SO 2 enhancement is probably of environmental origin; a drier atmosphere and/or a decrease in the altitude of the SO 2 plume, probably linked to the fragmentation of the SO 2 cloud over the Chukchi Sea.
[39] As an addendum to this discussion we also stress that a chemical origin for the increase in SO 2 mass cannot be ruled out. Petrological studies have suggested that the Hekla eruption in February 2000 emitted significant quantities of reduced sulfur species (H 2 S and S 2 ) [Moune et al., 2007] in addition to the SO 2 measured by remote sensing [Rose et al., 2003] . We assume that this could also apply to the 1980 eruption as Hekla eruptions since 1970 have been compositionally quite uniform [Moune et al., 2007; Höskuldsson et al., 2007] . The average lifetime of H 2 S in the lower atmosphere is 2 days [Lelieveld et al., 1997] , but significant variation has been reported [Bowyer, 2003; Aiuppa et al., 2005] : from less than 1 day in polluted air to 42 days in winter at high latitudes [Bottenheim and Strausz, 1980] . This is because H 2 S is relatively insoluble and oxidation usually proceeds via reaction with OH radicals in the gas phase, and is therefore dependent on the abundance of OH and homogeneous reaction rates [Cox and Sheppard, 1980] , and hence solar exposure. Thus at the high latitudes of the 1980 Hekla eruption cloud it is possible that the H 2 S lifetime exceeded 1 -2 days, and therefore oxidation of H 2 S could possibly explain the SO 2 mass increase observed on 20 August, $3 -4 days after the eruption. However, if significant H 2 S is expected in Hekla emissions, and its mean lifetime is 2 days, then it is surprising that H 2 S was not detected in the February 2000 Hekla cloud when it was directly sampled by a NASA DC8 33-34 hours after the eruption [Hunton et al., 2005; Rose et al., 2006] . Rose et al. [2006] concluded that the volcanic H 2 S had been oxidized by that time, indicating a shorter than average lifetime. Thus it is clear that significant ambiguity persists regarding the fate of H 2 S in volcanic clouds, which requires further investigation.
Volcanological Significance
[40] The total SO 2 emission of $0.5 -0.7 Tg measured in the 17 August 1980 cloud is over twice that determined for the 26 February 2000 eruption of Hekla by HIRS/2 ($0.2 Tg) , even if the lower bound of our 1980 eruption SO 2 loading is used. However, uncertainty remains over the magnitude of SO 2 emissions in 2000. Recent petrological analyses imply a possible total SO 2 release of 0.6-3.8 Tg (Table 5) , with a significant fraction derived from oxidation of reduced sulfur species (such as H 2 S) that are invisible to satellite remote sensing [Moune et al., 2007] , although others have reported lower petrological SO 2 yields (0.48 ± 0.14 Tg) [Sharma et al., 2004] . Remote sensing of the volcanic cloud in 2000 was also hampered by the winter season and high latitude (in the case of TOMS) and by poor thermal contrast as the cloud drifted over the Greenland ice cap (in the case of HIRS/2 and MODIS) . We are confident that these latter factors were negligible for the 1980 eruption and that our SO 2 loading measurement is accurate. However, in both eruptions, scavenging of gases by absorption onto tephra, condensation onto snow, and trapping in icy hydrometeors removed some sulfur species from the plume [Moune et al., 2007] , as was observed in the 1970 Hekla eruption [Cadle and Blifford, 1971] . Given these uncertainties, it is indeed possible that the SO 2 yield in 1980 and 2000 was similar. (Table 5) .
[41] The consistency of magmatic and gaseous output in recent Hekla eruptions supports a common eruptive process. It is widely acknowledged that Hekla eruptions are fed by dykes that propagate rapidly from depth [e.g., Linde et al., 1993; Soosalu et al., 2005] , and the mechanism and associated geophysical signals are sufficiently well understood that eruptions can be predicted with some confidence [Soosalu et al., 2005] . Precursory activity is confined to the 25-80 minutes before eruption, but the rise of a magmafilled dyke from depth within this timeframe requires unrealistically rapid ascent rates [Soosalu and Einarsson, 2004] . For the 1991 eruption, Linde et al. [1993] placed Hekla's magma chamber at 4-9 km depth, whereas Soosalu et al. [2005] found no evidence for a voluminous chamber above 14 km depth. Deformation after the 1980 -81 eruption implied a magma chamber depth of $8 km [Kjartansson and Grönvold, 1983 ]. An alternative explanation discussed by Soosalu and Einarsson [2004] is that Hekla eruptions are triggered by overpressure exerted by accumulated gases in the upper part of a deep magma reservoir. Hence the pressurized gases ascend rapidly and drive the initial phase of the eruption, followed by the magma, consistent with observations of Hekla's recent eruptions that have involved explosive venting of gases and tephra followed by effusion of lava flows Gudmundsson et al., 1992; Höskuldsson et al., 2007] .
[42] A brief phase of precursory activity is also predicted by the model of Menand and Tait [2001] for basaltic eruptions driven by a propagating dyke. Analogue modeling of a liquid-filled crack with a gas pocket at its tip by Menand and Tait [2001] revealed that, once overpressure within the gas pocket has fractured the surrounding rock, the rising gases can separate from the liquid. Thus the gases breach the surface prior to the arrival of the liquid, as observed in Hekla's eruptions. Such a process could explain the gas-rich and ash-poor nature of Hekla's initial eruption clouds (as we observe in the 1980 eruption), and might limit the amount of fine ash lofted to high altitudes, since the separation of gas from magma during ascent from depth would result in less magma fragmentation at the surface, and instead promote the effusion of relatively degassed lava flows. Based on such a model, we might expect the time delay between the initial gas-rich plume and subsequent lava flow effusion to scale with the depth from which the dyke propagates. We also note that little evidence has been found thus far for any sulfur excess in Hekla eruptions, including the 1980 eruption [Sharma et al., 2004] , implying that most or all of the magma supplying the measured SO 2 emissions is ultimately erupted.
Discussion
[43] Comparison of the 1980 eruption with other recent Hekla eruptions highlights the importance of the prevailing synoptic meteorology in controlling the trajectory of the volcanic plume. Specifically, the phase of the North Atlantic Oscillation (NAO) appears to be critical. The NAO is the dominant mode of natural climate variability in the North Atlantic region and is characterized by fluctuations in sealevel pressure difference between the Icelandic Low and the Azores High. Depending on the NAO reconstruction used, in August 1980 the NAO index was either close to zero or negative (0.3 or À2.49) [Trenberth and Paolino, 1980; Jones et al., 1997] and, as shown here, a weak or absent Icelandic Low allowed the volcanic cloud to move further north and impact the Arctic basin. In contrast, the NAO index in February 2000 was strongly positive (4.37 or 2.75) [Trenberth and Paolino, 1980; Jones et al., 1997] , indicating a dominant Icelandic Low that prevented the Hekla volcanic cloud from penetrating the Arctic Basin. Similarly, the NAO index was positive during the January 1991 Hekla eruption [Trenberth and Paolino, 1980; Jones et al., 1997] and the emitted SO 2 cloud tracked eastward across central Russia. In May 1970 the NAO index was also positive [Trenberth and Paolino, 1980; Jones et al., 1997] . Initial tephra dispersal was NNW of Hekla [Thorarinsson and Sigvaldason, 1972] and a sulfate peak in the Greenland GISP2 ice core has been linked to this eruption [Zielinski et al., 1994 ], but we have no other information on longrange transport of the volcanic plume. During the March [Yalcin et al., 2003 [Yalcin et al., , 2007 No estimate of SO 2 emissions available, although a sulfate spike in the GISP2 Greenland ice core has been linked with this eruption [Zielinski et al., 1994] . Notably, no sulfate spike associated with the 1947 eruption of Hekla has been found in GISP2. e SO 2 emissions measured by satellite remote sensing. f SO 2 emissions inferred from petrological analyses.
1947 eruption the NAO index was negative [Trenberth and Paolino, 1980; Jones et al., 1997] , and although tephra fall occurred south of Hekla and over Scandinavia [Thorarinsson, 1967] , related horizons in ice cores from the Yukon Territory of Canada (Table 5) [Yalcin et al., 2003 [Yalcin et al., , 2007 suggest that the track of the 1947 eruption cloud may have been similar to the 1980 cloud trajectory.
[44] Given the remarkable 9 -10 year periodicity of Hekla's recent eruptions (Table 5) , the next eruption might be expected to occur sometime in 2009-2010. However, prediction of the NAO index is likely to be more difficult than forecasting of the eruption due to noise in the NAO signal. As of 2006/2007 the winter NAO was positive and a general downward trend has been noted since the early 1990s (available at http://www.cru.uea.ac.uk/~timo/projpages/ nao_update.htm) [Osborn, 2006] .
[45] The Arctic cyclone that controlled the trajectory of the 1980 volcanic cloud could be considered as analogous to the more stable lower stratospheric polar vortex that forms during the winter. Polar vortices contain regions of highly isolated air, with exchange of trace gases occurring primarily at the vortex edge via the action of erosional waves [Schoeberl et al., 1992 ]. This appears consistent with our measurements of the Hekla SO 2 cloud, which track parcels of SO 2 splitting from the main cloud at the edge of the cyclone, perhaps due to depressions (polar lows) over the Chukchi Sea and Siberia. Hence the trajectory of this unique volcanic cloud may provide some insight into the erosion of polar vortices or Arctic cyclonic systems, providing further evidence for the value of SO 2 as a tracer of UTLS dynamics [e.g., Schoeberl et al., 1993] . Since atmospheric dynamics in the Arctic are more variable than in the Antarctic, tracer studies such as that presented here could support more accurate models.
[46] The Arctic polar vortex is less stable than its Antarctic equivalent, owing to the different configuration of ocean and landmasses at each pole. As a result, temperatures are lower in the Antarctic vortex, permitting formation of polar stratospheric clouds (PSCs) that catalyze ozone destruction [Seinfeld and Pandis, 2006] . The threshold temperature for PSC formation is À78°C [McCormick et al., 1982] . Significant Arctic ozone loss only occurs following winters characterized by particularly cold polar stratospheric temperatures [e.g., Salawitch et al., 1993 ]. An Arctic ozone hole became apparent in the 1990s due to cooling stratospheric temperatures, and ozone loss promotes further cooling due to a reduction in radiative warming [e.g., Randel and Wu, 1999] . High volcanic aerosol loading in the Arctic stratosphere following Hekla eruptions could promote significant ozone loss via heterogeneous reactions. This is partly because volcanic aerosol can promote stratospheric denitrification, a requirement for efficient ozone depletion, even if temperatures are not low enough for PSC formation [Seinfeld and Pandis, 2006] . Arctic ozone loss is a concern as it could potentially expose large populations in northern Europe and Asia to high UV doses.
[47] Hekla is one of the most northerly active volcanoes that produce frequent explosive eruptions. There is thus considerable potential for Arctic ozone loss after Hekla eruptions, depending on the trajectory of the plume. Using in situ measurements from a NASA DC8 aircraft, Rose et al. [2006] contend that ozone destruction occurred in the February 2000 eruption cloud, catalyzed by the formation of volcanogenic PSCs within the volcanic cloud at temperatures of 201 -203 K. Furthermore, the in situ data suggest limited scavenging of halogen species such as HCl [Rose et al., 2006] , indicating substantial stratospheric injection of chlorine. However, the 2000 eruption occurred in winter with correspondingly colder stratospheric temperatures. We expect less significant ozone loss occurred following the 1980 eruption due to higher temperatures, although it remains a possibility owing to the significant volcanic aerosol injection and long residence time of the cloud, coupled with solar exposure to promote photolytic reactions. However, any ozone depletion is likely to be localized and of small magnitude and therefore not measurable with N7/TOMS.
Summary
[48] The August 1980 eruption of Hekla injected a substantial amount of SO 2 (0.5 -0.7 Tg) into the Arctic stratosphere. We have used TOMS and HIRS/2 SO 2 retrievals to track the cloud as it circled the North Pole and segmented over Siberia and the Chukchi Sea, apparently under the influence of an unusually persistent cyclone in the Arctic Basin. This trajectory is unique in the 30-year history of UV and IR satellite remote sensing of volcanic clouds. Trajectory modeling using HYSPLIT indicates that the SO 2 cloud occupied an altitude range between 8 and 15 km. Although the high latitude of the 1980 Hekla SO 2 cloud is favorable for comparisons between UV and IR retrievals of SO 2 , these comparisons are complicated by differing sensor geometries, algorithm sensitivities and environmental conditions. However, we find that TOMS and HIRS/2 SO 2 retrievals agree within error for near-coincident FOVs with similar geometries. Procedures for a more rigorous comparison of TOMS and HIRS/2 retrievals are under development. Ascertaining the cloud altitude is of fundamental importance when comparing independent SO 2 retrievals. We have shown that this can be effectively achieved using a combination of trajectory modeling and frequent SO 2 measurements.
[49] If the recent cooling trend in the Arctic stratosphere continues, future explosive eruptions of Icelandic volcanoes such as Hekla, particularly in the late winter or spring, could play a significant role in promoting Arctic ozone loss. Hekla eruptions have become more frequent since 1970 and follow a pattern of early explosive venting of volcanic gases, with significant stratospheric injection. The phase of the NAO prevailing at the time of the eruption appears to strongly influence the trajectory of volcanic clouds from Hekla.
